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Abstract 
Wireless Body Area Network (WBAN) has been an active area of research over the past few years due to its tremendous benefits 
particularly related to healthcare systems.  The available research to evolve the QoS in WBAN is immature due to lack of 
sufficient methodology for modeling the behaviour of different kinds of traffic being generated from different kinds of events. It 
has been clearly demonstrated that traffic found in multimedia sensor nodes being used in WBAN is having bursty nature and 
cannot be modeled by using Poisson traffic distributions. However, most of the current available literature of traffic modeling
related to Multimedia Wireless Sensor Networks (MWSNs) is based on Poisson distributions. To eliminate these kinds of 
performance evaluation limitations in MWSNs especially in time critical applications, this study proposes a novel analytical 
framework that relies on a traffic model resembling to an ON/OFF process. Proposed model exhibit self-similar behaviour and is 
capable to handle long range dependent traffic patterns. For providing enhanced QoS, proposed model deals with various traffic 
classes that has been judged in the current study through G/M/1 queuing system with a distinct scheduling strategy called as Low 
Latency Queuing (LLQ) to extract QoS performance metrics such as delay, queue length, throughput and packet loss rate (PLR). 
We also simulate the behaviour of traffic to further validate the proposed analytical framework. 
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1. Introduction 
Applications related to wireless sensor networks are amongst the most dynamic areas of technology 
development these days. Since from last decade, huge effort has been conducted in the area of WSNs. This scientific 
technology has evolved our lives, work, and interaction with the physical environment. WSNs can be considered as 
distributed computing workstations with various constraints, including minimum CPU speed, small memory size, 
low consumption of electric power, and bandwidth, where tiny size nodes communicate with each other in limited 
distances with low-power consumption. They are appropriate for a vast range of military, civil and other health 
related applications [21-24]. Nowadays, the obtainability of cheapest hardware such as CMOS cameras and 
microphones that are capable to ubiquitously record the multimedia content from the environment has fostered the 
growth of Wireless Multimedia Sensor Networks (WMSNs) [25], i.e., networks of wirelessly interrelated devices 
that permits retrieving of video and audio contents, still photos, and scalar sensor data. Wireless multimedia sensor 
networks has not only improved current sensor network systems such as tracking, home mechanization, and 
environmental screening, but they have also empowered many new applications such as: multimedia surveillance 
sensor networks, storage of related significant activities, traffic prevention, enforcement and control systems, 
enhanced health care delivery, environmental screening, person identification service and industrial development 
control etc. [25]. The vast set of applications imagined on WMSNs will have various requisites. Several above 
mentioned applications demand the sensor network paradigm to be reconsidered in view of the necessity for 
mechanisms to supply multimedia content with a specific range of Quality of Service (QoS).  
Multimedia traffic, such as video, audio and still photo capturing can be categorized as distinct service classes 
and subjected to various schemes of scheduling, buffering and transmission. Sensor data may initiate from different 
set of events that have various degree of importance. Consequently, the content and nature of the sensed material 
also differs. As an example, that point outs the necessity for network level QoS; suppose, the task of bandwidth 
allocation for multimedia mobile medical calls, which comprise patients, sensing material, audio voice and image 
data. Unlike, the classic source-to-sink multi-hop linkage utilized by typical sensor networks, a distinctive 
architecture has been suggested in [26] in which single node forwards the sensed statistics to a cellular phone of 3G 
network or a dedicated information collecting entity. Hence, we imagined that WMSNs require to support and 
distinguish services for various classes of applications. Particularly, they need to facilitate differentiated service 
between time sensitive and delay-tolerant applications, and loss-tolerant and loss-intolerant applications.  
Since the necessity to reduce the energy eating has driven vigorous research in sensor networks so far, 
appliances to proficiently deliver application level QoS, and to map these needs to network layer metrics such as 
delay and jitter, have not been mainly concerns in majority research on typical sensor networks. Because of vast set 
of applications of WSNS, researchers have been quite active in this field over the past years, but still there is poor 
research related to WSN traffic modelling. In addition, several traffic modelling work in the field of wireless sensor 
networks is assuming the source traffic either Constant Bit Rate (CBR) [27] or considering Poisson [28 -30]) data 
sources. However, the traffic load produced in wireless sensor networks deeply reliant on the application scenario 
which could be classified as tracking of bursty traffic which could not be modelled as either CBR or Poisson [31]. 
The presented work will facilitate a novel analytical framework for traffic modelling in WMSNs with accurate 
traffic assumptions (self-similar and long-range dependent). This novel modelling considering the event-driven and 
periodic data production will offer QoS satisfaction to various types of applications engaged in WMSNs relevant to 
their needs. Finally, it will explore a vast range of new applications related to WMSNs. 
2. Related Work  
The bulky implementation of MWSNs in safety and medical applications indicates the significance of WSNs in 
daily lives. To provide various set of treatments with specific level of QoS gaining in time sensitive applications is a 
hot issue nowadays. Today’s WSN protocols [1-4] are reliant on end to end path prediction and path recovery. On 
the other hand many of other WSN protocols [5-7] are unreliable in terms of differentiating the multiple classes of 
network traffic under various constraints. The WSN and wireless ad-hoc networks routing protocols can be 
categorized in to two groups: (1) Flat routing and (2) hierarchical routing. The diversified problem with these two 
routing protocols is the non-accountability of QoS requirements for real time WSNs [1-3]. Many studies effort to 
predict maximum reachable throughput and latency in the capacity of Wireless ad-hoc networks [8-10]. The authors 
of several studies have described several queuing models under different queuing strategies like M/MMGI/1/K, 
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G/G/1 to examine the performance of wireless ad-hoc networks [11-14]. Regrettably, the queuing examination 
conducted cannot be utilized to compromise guaranteed QoS in MWSNs due to two major reasons, (1) the traffic 
assumptions assumed are not realistic and (2) the results are just approximations. Various queues for various kinds 
of traffic under classifiers and schedulers have been discussed by the authors of study [15]. Both classes are fully 
capable to exchange bandwidth mutually. This scheme is based on cost and end to end metrics. The ultimate 
objective adopted in this work is to utilized minimum cost, and smaller delay for time sensitive data sets. In study 
[16] the authors assumed the problem of discovering the possibility of getting a lifetime threshold by the network 
which is alike to discover the complementary cumulative density function (ccdf) of the network lifetime by 
supposing that packet generation follows a Poisson distribution, an analytical expression for the (ccdf) of the 
lifetime is acquired. The outcomes of this work are attained for both multi-hop and single-hop WSNs and are tested 
with computer simulation. Again the results in [15-16] have been achieved by considering Poisson traffic input. In 
conjunction with this, queuing at MAC layer has been broadly discussed and many schemes with distinct levels of 
complexity persist. For example, of interest to multimedia applications is the development of strategies that permits 
a delay bound and thus promise smooth streaming of multimedia applications. A variant of weighted fair queuing 
has been announced in [17] to permit adjustments to be made to the energy-fidelity trade-off space. Given the bursty 
nature of voice and video data, queuing schemes are required to accommodate unexpected peaks, as well as drive 
under local channel errors. Spreading WFQ, the Wireless Packet Scheduling (WPS), discussed in [18], reports the 
concerns of latency and rate-sensitive packet flows thus declaring it reliable for multimedia contents. However, 
WPS considers that channel error is fully discoverable at any time its real employment shows marked deviations 
from the perfect case in terms of poorest-case complexity. Network Calculus theory [19], for deterministic queuing 
systems permits employment of service guarantees under traffic rules and deterministic scheduling. Presently, 
network calculus outcomes have been commonly derived for packet switched networks, and considered static 
topologies and fixed link capacity, which are obviously irrational hypothesis in sensor networks. There is minor 
work to date on network calculus correlated with sensor networks but we trust that spreading networks calculus 
results to WMSNs is thought-provoking but could be very auspicious research thrust, likely to create important 
advancements to facilitate QoS guarantees in multi-hop networks. Being inspired by the drawbacks of the present 
work, in this project, we aim to design novel analytical performance models for wireless sensor networks under real 
time traffic suppositions in order to facilitate differential and trusted QoS to multiple classes of traffic in MWSNs. 
 Additionally, there has been an excessive deal of research on employing mobility in WSNs to provide 
surveillance and reconnaissance in a eclectic deployment area. Further, it has been reported that sensor node 
mobility together with spatial correlation of the selected phenomenon creates new dynamics to the network traffic. 
These dynamics are good initiative of long range dependent (LRD) traffic, which imposes fundamentally unalike 
traffic modelling rather to traditional (Markovian) traffic. It has also been described obviously that the ratio of traffic 
burstiness, which is characterized by Hurst parameter, has an intimate link with the mobility variability and the ratio 
of spatial correlation [20]. Hence, we can predict, that appropriate traffic modelling in terms of providing 
differential QoS to various types of applications in the presence of asymmetric data traffic with various sizes and 
data rates in MWSNs is quite needy. We also discussed that communication protocols for sensor networks 
necessarily be supplied real time assurance and finally to facilitate guaranteed service with specified level of QoS, 
these protocols must be definitely designed with real time guarantees in mind. To get the detailed overview 
regarding the traffic modelling in wireless sensor networks that has been conducted particularly in recent years, we 
refer the readers to [38-40]. Moreover, these works also highlight the importance of considering the bursty nature of 
traffic in wireless sensor networks. The authors in [38-40] have also explained in detail that On/Off model is a very 
suitable candidate particularly for source traffic modelling in WSNs. Since, most of the traffic generated in WSNs in 
either even driven or application driven. These kinds of applications generate self-similar and long-range dependent 
traffic which can never be modelled by traditional Poisson models. In the current proposal, we have also selected a 
traffic model [33] that is very similar to on/off process and can be the most suitable candidate for source traffic 
modelling in WSNs. The considered model is almost second order self-similar and it has lot of attractive features 
which makes it a perfect candidate to be considered for source traffic modelling in WSNs. Also, we refer the readers 
to [41-45] to get an overview of some of the recent work that has been conducted in the area of WBAN. The current 
work can also play an important role for modelling the traffic being generated by different kinds of applications in 
WBANs. We would also like to refer the interesting readers to [35-37] to get an overview about QoS, queuing 
theory and polling systems (multiple queues, single server systems). 
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3. Proposed Analytical Framework 
We have exploited G/M/1 queuing system to develop this analytical framework. In the analytical framework, 
we build the Markov chain and also extract the closed form expressions for different types of QoS classes for the 
sensor node of WBAN. We make some assumptions for the sensor node being deployed in WBAN. We assume that 
there are three kinds of traffic coming to the sensor node, the first one is the critical traffic (having the highest 
priority), second one is streaming traffic and the third one is non-critical traffic. A model of three queues based on 
G/M/1 has been considered.  Since there is three type of traffic so we assume the service time distribution for these 
three types have rate 1P , 2P and 3P .    
3.1. Markov Chain Transition Probabilities for Low Latency Queuing (LLQ) Model 
We consider a model of three queues (one priority queue and two non-priority queues) based on G/M/1 by 
considering three different classes of self-similar traffic input. We analyze the system using LLQ as the scheduling 
discipline (the scheduler can serve non-priority queues only if there is no packet waiting in priority queue; further 
the scheduler serves non-priority queues in a round robin fashion according to specified reserved bandwidth by 
taking fixed number of bytes (packets) during each cycle; we specify the scheduler logic in such a way that the 
scheduler serves one packet from each non-priority queue during each cycle provided there is no packet waiting in 
priority queue). In the current study, we utilize the traffic model that has been discussed in [33]. It belongs to a 
specific class of self-similar traffic models freshly referred to as the telecom process in [34]. The model depicts the 
dynamics of packet creation while accounting for the scaling properties of the traffic in telecommunication 
networks. It resembles to an On/Off procedure. It is analytical (resolvable when served into queuing system), elastic 
(one model but many variants for different applications), implementable (less time consuming for simulation) and 
shows accuracy. Hence, the traffic model [33] is a suitable candidate to model the behaviour of various kind event 
driven bursty and long-range dependent traffic in MWSNs. We develop the finite Markov chain for LLQ scheduling 
discipline; extending the previous work on infinite capacity system. The formulation is based on observation of the 
queuing system at packet arrival instants. At these instants, the number in the system is the number of packets that 
the arriving packet sees in the queue plus the packet in service, if any, excluding the arriving packet itself. Let 
}0:{ tnX n  denote the embedded Markov chain at the time of arrival instants. We define the state space as: 
},,},,,,{},,,{:),,,,{( 321321321321  ZiiiIssssaaaasaiiiS  
We generate the transition probability matrix P of the Markov chain by specifying the transition probabilities from 
all the states in the states space i.e. non-idle states, states with empty queues and arrival at full queue. We only write 
down one transition in detail:  
Transition from ),,,,(),,,,( 2232111321 sajjjsaiii o  
We consider the case in which a transition occurs from an arrival of type 1 to an arrival of type 2 such that the first 
arrival has seen a type 1 packet in service, 1i  packets of type 1 (equivalently, total of queue 1 and the packet in 
service), 2i  packets of type 2 and 3i  packets of type 3 in the system. The transition occurs to 1j   packets of type 1, 
2j   packets of type 2 and 3j packets of type 3 in the system with a type 2 packet in service. Due to LLQ scheduling, 
an arrival of type 2 can see a type 2 packet in service in the next state only if all type 1 packets including the one that 
arrived in the previous state are exhausted during the interarrival time. That is why 1j  can take only the value 0 and 
exactly 11 i  packets of type 1 are served. In contrast, the number of packets served from queue 2, say k, can be 
anywhere between 0 and 12 i  as at least one type 2 packet is in the system, one being in service, when a new 
arrival occurs. Similarly, the number of packets served from queue 3 can be anywhere between 0 and 3i due to RR 
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scheduling between queue 2 and queue 3 and depending on the condition 32( ii  or )32 ii t . The transition 
probabilities are: if    32 ii  :             
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Similarly we can write down all possible states.  
3.2. Limiting Distribution and QoS Parameters for three queues LLQ Model  
We can get the steady state distribution S as seen by an arrival by solving SS  P , where P  is the transition 
matrix of the Markov chain. It is a known fact that the queue size in a sensor node is limited, hence Markov chain is 
finite and we can easily solve the steady state distribution. Our analysis is relying on arrival instances but it is also 
valid and logical for any G/M/1 queuing model, where the limiting distribution S  at the arrival instances can be 
computed. First of all, we write down the queue length for three queues LLQ model. To the best of our knowledge, 
we have been the first to present the queue length results for G/M/1 queuing model in this paper for three queues 
LLQ model. In our earlier work on G/M/1 queuing system, we have just produced the results of waiting time and 
packet loss rate [31]. Queue length for class 1 packet will be simply the number of packets waiting in the system that 
must depart before this newly arrived type 1 packet. It can be written as follow: 
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It clearly shows that the there are three possibilities when a new class 1 packet arrives. 
(1) When a new class 1 packet arrives and finds a class 1 packet in service then its queue length is simply 
equal to the total number of class 1 packets waiting ahead of it in queue 1. 
(2) When a class 1 packet comes and it finds a class 2 packet in service, then its queue length is equal to the 
number of packets (j1) waiting in queue 1 plus a type 2 packet, which is in service. 
(3) When a class 1 packet comes and it finds a class 3 packet in service, then it’s queue length is equal to the 
number of packets (j1) waiting in queue 1 plus a type 3 packet, which is in service. 
Similarly, we can directly write down the queue length for class 2 and class 3 packets as follows. Since the 
scheduler serves one packet from queue 2/3 during each cycle, hence their queue length will be same: 
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Where the last term in the above equation ][ 21 QLEj indicates that number of class 1 packets that arrive during 
the waiting time of newly arrived class 2 packet and because of high priority, those class 1 packets will depart 
before this newly arrived class 2 packet. Also, it is worth mentioning that the term 22 j indicates the effect of round 
robin scheduling between queue 2 and queue 3, the scheduler will serve same number of packets from queue 3 as he 
takes from queue2. For other QoS parameters results such as delay and PLR, we refer the readers to our prior work 
[31] on G/M/1 queuing system. 
4. Simulation Results 
A comprehensive discrete-event simulator for queuing systems was built to understand and evaluate the QoS 
behaviour of self-similar traffic. The simulation engine is highly modular by design allowing free customization of 
the traffic generator and the scheduling logic. This allows for the ready evaluation of any scheduling discipline 
under any specific kind of input traffic. The key element for the scheduler logic is the Scheduler class. The design 
pattern allows any scheduling algorithm to be loosely coupled but easily integrated, overriding the existing program 
skeleton. LLQScheduler was actually implemented to analyze the corresponding QoS behaviour. The design pattern 
being introduced in [32] to simulate the bursty traffic has been followed in the current work. A traffic generator was 
also written. This generator may also be readily over-ridden by another traffic model. A number of other associated 
classes such as Simulation, Random No. Packet etc. were written to facilitate program function and accuracy.  
The QoS results from the simulation studies with 95% confidence interval are presented. Fig. 1 and 2 shows 
queue length vs. Hurst parameter and delay vs. Hurst parameter for three queues LLQ model respectively. We can 
clearly observe that as soon as the Hurst parameter increases (i.e. burstiness of the traffic increases); there is an 
increase in QoS parameters particularly for low priority queues. We can also clearly observe the affect of round 
robin scheduling between queue 2 and queue 3 from the same QoS parameter values (delay and queue length). 
 
 
 
Fig. 1.  Queue Lenght vs. Hurst Parameter                                    Fig. 2.  Delay vs. Hurst Parameter 
5. Conclusion and Future Work 
In this paper, we have presented a three queues LLQ model to evaluate the behaviour of different kinds of 
traffic generated from different events in WBAN. We have developed the Markov chain and extracted the QoS 
parameters such as delay, queue length, bandwidth and PLR for different kinds of traffic. A discrete event simulator 
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has been developed in C++ to simulate the traffic behaviour of corresponding traffic classes of WBAN. In the 
future, we aim to develop queuing models involving different types of polling schemes such as exhaustive, gated 
and limited service combined with traditional scheduling schemes. Because, if the traditional scheduling schemes 
are applied, it will not be possible to provide the required QoS to all kinds of traffic in WBAN. Hence, the main 
objective is to come up with novel and more sophisticated queuing models, which must be able to provide 
guaranteed QoS to all kinds of applications in WBAN according to their requirement. 
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